Abstract The influence of molybdenum on the tribocorrosion behavior of 316L stainless steel in artificial saliva was investigated using potentiodynamic polarization curve, electrochemical impedance spectroscopy and sliding wear testing. The results showed that the passive capability of 316L stainless steel in artificial saliva was enhanced with increasing Mo. The anti-corrosion property of the passive film on 316L stainless steel was improved with increasing Mo via increasing transfer resistance of the passive film. Sliding wear testing results showed that the friction coefficient of 316L stainless steel in artificial saliva decreased with the increased Mo.
Introduction
Stainless steel, especially for 316L stainless steel, is widely used as orthopedic material owing to their superior corrosion resistance and good mechanical properties [1] . Corrosion resistance is an important factor that determines whether metallic bio-implant is biocompatible or not. High corrosion resistance of orthopedic material is required to reduce the release of metallic ions into the body and thus to improve its biocompatibility. In case of stainless steel, the corrosion resistance can vary depending on the grade of stainless steel used, where a compact passive film, mainly Cr 2 O 3 , can automatically form on the surface of stainless steels in the existence of oxygen. This passive film is normally several nanometer thickness and highly defective [2] [3] [4] [5] [6] . Passive films existing between the substrate and the aggressive electrolyte can be deemed as the ions barrier to protect the substrate from further corrosion. Although stainless steels have extremely good general resistance, they are nevertheless susceptible to pitting corrosion in the environment containing chloride ions [7, 8] . However, saliva or body fluid may contain chloride ions, and then it is a potential threaten for orthopedic materials using stainless steel. Also, some food may be strong acidic and contain much chloride ions with frequent alternate cooling and heating. Therefore, improving the pitting corrosion resistance is very necessary for stainless steel in such a complex environment.
Excepting the electrochemical corrosion of orthopedic material in the oral cavity, the friction behavior of orthopedic material is also an important parameter. Therefore, the erosion corrosion interactions for orthopedic materials are important for the application of orthopedic materials. How to enhance the erosion-corrosion behavior of 316L stainless steel in the oral cavity is vital to make them a suitable orthopedic material. Despite some papers have focused on the tribology behavior or erosion-corrosion property of stainless steel in the artificial saliva [9] [10] [11] , systematic studies on the effect of molybdenum on the erosion-corrosion behavior of 316L stainless steel in the artificial saliva are scarce.
Molybdenum is an important alloy element, which is widely used in metallurgy. The beneficial effect of Mo on the corrosion resistance of stainless steel has been attributed to several factors, such as the enrichment of Cr and Mo in the oxide layer [12] [13] [14] [15] [16] [17] , stabilization the passive film [18] , thickening of the passive film [19] , by synergistic interaction of Mo ions with other oxides of the passive film [20, 21] , and by elimination of the active surface sites through formation of Mo oxides [22] .
The aim of this work is to study the influence of Mo on the erosion-corrosion behaviors of 316L stainless steel as an orthodontic material in artificial saliva using a microabrasion-corrosion apparatus. The electrochemical working station (M273A) is used to in situ record the electrochemical performance of 316L SS during fretting wear in the artificial saliva.
Experimental

Sample Preparation
The samples are prepared by melting the mixture of pure Ni (99.9 wt%), pure Cr (99.9 wt%), pure Fe (99.9 wt%), pure Si (99.9 wt%), pure Mo (99.9 wt%), and pure carbon (99 wt%) in a vacuum electric furnace according to the proportion of each element contained in 316L stainless steel except Mo element. The molten temperature is maintained at 1923 K, after adequate stirring for 30 min. When the molten temperature drops to 1723 K, the molten alloy is poured into a copper mould with water cooling in the electric furnace to form the blank rod (A 200 9 300 mm 2 ), then, the rode is homogenized for 120 min at 1523 K, hot rolling into 5-mm-thick plate. Finally, the thick plate is solution annealed at 1323 K for 60 min, air cooling. The samples are prepared by manufacturing the thick plate into a size of A 10 9 5 mm 2 . The compositions of the samples, determined by chemical analysis, are listed in Table 1 . One round surface of the sample is abraded with a series of grits up to 5000 grit SiC paper, polished with 0.5 um Al 2 O 3 powder and then cleaned using double-distilled water.
Micro-abrasion-Corrosion Test
The erosion-corrosion tests are carried out at UMT2 friction and wear testing machine. One round surface of the sample exposed to the electrolyte acts as the working surface with the applied load, and other surfaces are sealed by epoxy resin in the fixture. The schematic of erosioncorrosion test is list in Fig. 1 , in which the loads are 1, 2, 3 and 4N, respectively. The friction pair is ceramic globule with the diameter of 3 mm, and the moving frequency of ceramic globule is 20 Hz, and the moving distance is 3 mm. The abrasive slurry is the artificial saliva with the pH value of 5.7, and Table 2 [23] shows the chemical composition of the artificial saliva.
Nanoindentation tests are performed using a UMIS-2000 indentation system. A ''loading-partial unloading'' scheme is employed using a Berkovich indenter. In this loading scheme, the load was increased to a maximum of 20 mN in 20 steps. The load is held at each incremental step for 0.1 s and then partially unload after each loading step.
SEM images are conducted using a LEO 1550 SEM with a Schottky field emitter source at 5 kV accelerating voltage, using a 30 lm aperture, at a working distance of 3-6 mm.
All of the experiments are performed on an EG&G Model 273A potentiostat/galvanostat with an M5210 lockin amplifier. During the electrochemical experiments, the sliding wear testing is carried out simultaneously. All electrochemical experiments, a conventional three-electrode system is used, and the counter electrode is a Pt wire. All of the potentials are measured against a saturated calomel electrode (SCE).
Potentiodynamic curves are measured ranging from -0.25 V OCP to 1.2 V SCE at a scan rate of 1 mV/s.
EIS measurements are performed at the corrosion potential (E corr ), the sweep frequency ranging from 10 kHz to 5 mHz with a potential amplitude of 10 mV. The experimental data are analyzed using the ZSimpWin software.
All the electrochemical experiments and sliding wear testing are performed at 25°C. 
Potentiodynamic Polarization Curves
The potentiodynamic polarization curves of 316L stainless steel containing Mo in artificial saliva with various loads are depicted in Fig. 2 . It is evident that all tested samples are spontaneously passivated, as indicated by the absence of active/passive transient peaks in all curves. Figure 2a shows that the corrosion potential (E corr ) of 316L stainless steel containing 3.96 wt% Mo in the artificial saliva with a 1N load is -0.24 V SCE . The sample is in the steady passive state in the potential region from -0.09 to 0.26 V SCE with the corresponded steady passive current density of 2.97 9 10 -6 A cm -2 . Evidently, the corrosion potential moves to the positive direction, the steady passive potential region enlarges, and the steady passive current density decreases with increasing Mo, implying enhanced erosioncorrosion resistance of 316L stainless steel with Mo. The corrosion potential moves to the negative direction, the steady passive current density increases and the passive potential region decreases with increasing the applied load 2.0x10 -6 3.0x10 -6 4.0x10 -6 5.0x10 -6 6.0x10 -6 7.0x10 -6 8.0x10 -6 9.0x10 in case of every sample. In order to clarify the Mo effect on the erosion-corrosion behavior of 316L stainless steel in artificial saliva, Fig. 3 shows the variations of average passive current density and load for four samples, it can be seen that the average passive current density increases with increasing applied load in case of every sample. The average passive current density decreases with increasing Mo in case of one fixed applied load, it indicating the enhanced erosion-corrosion resistance of 316L stainless steel with increasing Mo.
Electrochemical Impedance Spectra of the Passive Films on 316L Stainless Steels Containing Mo
To obtain the effect of Mo on the erosion-corrosion performance of 316L stainless steel, Fig. 4 displays the Nyquist plots and the corresponded Bode diagrams of the passive films on 316L stainless steel containing Mo during wear process in artificial saliva. It is clear that all Nyquist plots show depressed capacitive arcs. The diameters of the semicircles and the corresponding phase angles increase with increasing Mo in case of one fixed applied load, suggesting that the addition of Mo greatly improving the erosion-corrosion resistance of 316L stainless steel in artificial saliva. The capacitive arc shrinks and the corresponding phase angle decreases with increasing applied load in case of every sample, implying the decreased erosion-corrosion resistance. In order to gain the quantitative explanation of Mo on the erosion-corrosion performance of 316L stainless steel in the artificial saliva, the measured EIS are fitted by appropriate equivalent electron circuit using ZsimpWin software. The equivalent electron circuit with three hierarchically distributed time constants provided by Macdonald [24] (shown in Fig. 5 ) is used to fit the impedance, in which C 1 and R 1 represent the capacitive and resistive contributions of the metal/film interface, C f and R f represent the capacitance and resistance of the bulk passive film, R 2 and CPE (constant phase element) represent the solution/barrier interface, and R s is the solution resistance. The CPE has the properties of a capacitance when 0.5 \ n\1. Frequency dispersion leading to CPE behavior can be attributed to geometry-induced nonuniform current [25, 26] and potential distribution (2D distribution) or to charge-discharge of oxide layers [27, 28] or to porosity or to surface roughness [29, 30] (3D distribution). For blocking electrode, the impedance of the CPE can be obtained with the following relationship [31, 32] :
where j is the imaginary number, and w is the frequency of the alternating current. The exponent, a, is defined as the CPE power, which is adjusted between 0 and 1. For a = 1, the CPE describes an ideal capacitor with Y 0 equal to the capacitance C. For a = 0, the CPE is an ideal resistor. When a = 0.5, the CPE represents the Warburg impedance with diffusion character. The CPE has the properties of a capacitance when 0.5 \ a \ 1. The CPE describes the frequency dispersion of the time constants because of local
) used for fitting the EIS spectra Table 3 Fit parameters for equivalent circuits corresponding to EIS measurements of 316L stainless steel in artificial saliva during wear process with an applied load of 1N inhomogeneity [33] [34] [35] [36] , porosity and roughness of the electrode surface [30, 37] . Table 3 summarizes the fitting results, the Chi squared (v 2 ) values of the order of 10 -3 -10 -4 indicating satisfactory agreement between the experimental and simulated data. The fitting results shows that the value of a is in the range of 0.71 and 0.85 for all the fitted results, validating the association of the CPE to a frequency disperse electrode. The total resistance (RR) significantly increases with the increase Mo, while the values of C 1 , C f and Q degrade, implying of the enhanced film protection with Mo. Figure 6 gives the variations of total resistance and load in cases of four samples in artificial saliva, it can be seen that the total resistance decreases with increasing load in case of every sample, and the total resistance increases with increasing Mo content in case of one fixed load.
Influence of Mo on the Friction Coefficient of 316L Stainless Steels in Artificial Saliva
As noted above, the dental implants and food particles or implants themselves may wear with each other excepting the electrochemical corrosion in the oral cavity, therefore, the wear characterization is vital to the dental implants. Figure 7 shows the SEM images of four specimens after wear with a load of 1N and a frequency of 20 Hz in the artificial saliva. It can be seen that the scratch width increases with the increment of Mo content, the variation of scratch and Mo content may be related to the dependence of the mechanical properties of the substrate on Mo.
To obtain the effect of Mo on the mechanical strength, nanoidentation test is afforded. The typical load-displacement curves for specimens 1#, 2#, 3# and 4# with a maximum load of 20 mN are showed in Fig. 8 , the mean values of the reduced elastic modulus (EIT) and hardness (HIT) of four samples are automatically calculated by the CSM indentation software. The variations of EIT and HIT with Mo concentration for four samples are depicted in Fig. 9 , it can be seen that EIT increases from 133.2 to 211.49 GPa, and HIT decreases from 8525.44 to 6108.83 MPa corresponding to increasing Mo from 2.5 to 8 %, respectively. To insight into the Mo effect on the wear characterization of 316L in the artificial saliva, Fig. 10 gives the friction coefficient verse time plots of four specimens in artificial saliva with an applied load of 2N. It apparently displays that the average friction coefficient decreases from 0.0635 to 0.01396 corresponding to increasing Mo from 2.5 to 8 %. Significantly, the Mo addition can sharply decrease the friction coefficient of 316L SS in artificial saliva, which may be beneficial to the design of the dental implants. The influence of Mo on the wear characterization can be attributed to the variation of the mechanical property with Mo. As showed in Fig. 8 , high HIT means the high wear resistance, and then the scratch width increases with the increased Mo. While Fig. 10 shows the friction coefficient decreases with the increased Mo, it may be related to the composition changing of the passive film on 316L SS.
Conclusions
The element Mo was added to 316L SS. The erosion-corrosion properties of 316L stainless steel in artificial saliva were explored using potentiodynamic polarization curve, EIS and wear test. The following conclusions can be drawn:
1. 316L SS was in the passive state in artificial saliva, the passive current density decreases and the passive potential region increases with increased Mo. 2. Mo can increase the transfer resistance of the passive films on 316L stainless steel by improving the compactness of the passive film and by increasing the charge resistances between the film/solution and substrate/film interfaces. 3. Mo can improve the elastic modulus (EIT) and decrease the hardness (HIT) of 316L stainless steel. The friction coefficient of 316L SS in artificial saliva decreases with increasing Mo.
